Nanopore or micropore sensors have been extensively studied and have become a common concept for molecular or particulate detection. [1] [2] [3] [4] Some proteins (α-hemolysin, aerolysin, etc.), which have naturally arranged nanopore structures, have been used for molecular sensing.
1,2,4-6 A microfabrication technique is also a powerful tool for manufacturing nanopores or micropores and has allowed us to design various microfluidic devices utilizable to sensing and separation. 3, 7 An advantage of microfabrication is that probes, such as electrodes and optical devices, can be precisely arranged around sensing pores. The other forms of solid-state systems, such as MCM-41 8 and carbon nanotube, 9, 10 have also been used for constructing nanopore sensors. The current technology based on micromachining or molecular assembly systems promises robust and repeatable fabrication of nanopores and micropores of demanded dimensions. However, the pore structures should be carefully determined before their preparation because the dimension cannot be changed once the material is prepared. If the pore size can be varied even after its preparation by adjusting external conditions, the applicability of nonopores and micropores should be significantly extended. In the present communication, we propose simple fabrication of a size-changeable submicro channel in a gap between probe electrodes utilizing the nature of a frozen aqueous electrolyte.
When an aqueous electrolyte is frozen, impurities are expelled from ice crystals and are accumulated in the grain boundaries. At temperatures above the eutectic point of the system (Teu), the salt is dissolved to form a liquid phase (LP). We have shown that frozen electrolyte is a very useful platform to design separation and reaction systems. [11] [12] [13] [14] [15] [16] Since pure ice, the resistivity of which is as high as 10 MΩ m, 17 is nonconductive or semiconductive, an LP containing a high concentration of a salt acts as an effective conductive path. The total volume of the LP is predictable from the freezing-point depression curve. Figure S1 (Supporting Information) shows a part of the phase diagram of the water/KCl system, which was used for the common platform in the present work (Teu = -10.6 C). 18 In the temperature range between the freezing point and Teu, an increase in the temperature leads to an increase in the volume of the LP and simultaneously to a decrease in the concentration of the salt therein (the nature of a frozen solution is described in the caption of Fig. S1 in more detail). This suggests that the volume of the LP (and the size of a grain boundary channel as shown below) can be controlled by changing the temperature. If a grain boundary channel is constructed between the probe electrodes, any changes in the channel size by the external temperature can be detected by resistance measurements.
Two Pt electrodes (diameter, f = 100 μm) sealed in a thin glass capillary (0.375 mm o.d.) were inserted and fixed in a glass tube (0.45 mm i.d. × 0.89 mm o.d.). The gap between the tips of the electrodes (adjusted to be smaller than 50 μm) was measured under a microscope. After the glass capillary was filled with a KCl solution, the solution was frozen by immersing the glass tube in ethylene glycol kept at a given temperature. The resistance of a frozen sample was measured by an impedance meter. The experimental details are given in the supporting information.
Probe electrodes should be appropriately arranged in the frozen electrolyte to ensure the formation of a grain boundary microchannel and to evaluate its size by resistance measurements. Figure S2 (Supporting Information) depicts a surface image of KCl-doped ice. Fluorescein disodium was incorporated to KCl-doped ice to selectively visualize the LP; the photo indicates that the ice grain size is typically 100 -200 μm. This size of the ice crystal gives a convenient guide to selecting the thickness of probe the electrodes. Figure 1 shows possible configurations of ice grain boundaries formed in a space between electrodes. In ideal cases (Fig. 1A) , a single channel is located between the electrodes. However, this case is rarely encountered. The realization of this situation becomes more difficult when thinner electrodes are employed, because no effective conductive path is present between the electrodes in many cases. In actuality, extremely high resistance was often measured with electrodes of f = 10 μm. A size-tunable micro-channel is fabricated in a gap between two probe electrodes by freezing aqueous KCl. The channel has been characterized by resistance measurements and channel blocking by resistive particles. The channel size can be varied by the temperature even after the preparation of the channel. The channel is potentially useful not only for size-selective particle counting but also for the size-selective separation or filtration of particles and macromolecules.
Keywords Temperature-controllable micro channel, ice grain boundary, frozen electrolyte, resistance measurements, channel blocking Rapid Communications difficulties can be avoided by the use of thicker electrodes, two or more channels can act as conductive paths when the electrodes are too thick as illustrated in Fig. 1C . The diameter of the electrodes should thus be similar to the size of the ice grain to realize the ideal situation with high probability (Fig. 1A) . In this work, electrodes of f = 100 μm were used for this reason. The face-to-face configuration in the electrode arrangement can be easily attained with this electrode dimension by adjusting their positions under a microscope.
The temperature dependence of the resistance of KCl-doped ice has indicated that the liquid channel acts as a conductive path as shown in Fig. S3 (Supporting Information). When the temperature was lower than Teu of the system, e.g. at -11.1 C, the resistance (R) was higher than 20 MΩ, suggesting that no conductive paths existed between the electrodes; the gap between the electrodes was filled with resistive ice and solid KCl. However, as the temperature increased past Teu, the resistance rapidly decreased and gave a constant value, e.g. 3.7 MΩ at -10.1 C. This implies that during the temperature increase, solid KCl is dissolved to form the LP, acting as conductive paths.
As described above, the equilibrium concentration of KCl in the LP is a function of the temperature but independent of the original KCl concentration in a solution before freezing. The conductivity (κ) of the LP at a given temperature was measured in the way described in the supporting information. The results of conductivity measurements at -2, -4, -6, -8, and -10 C are shown in Fig. S4 (Supporting Information) . In all cases, the conductivity was almost linearly changed with the KCl concentration. From these data, the temperature dependence of the conductivity of the LP at a thermal equilibrium was determined as illustrated in Fig. S5 (Supporting Information) . The conductivity of the LP decreases with increasing temperature because the equilibrium KCl concentration in the LP decreases as the temperature increases.
Assuming a cylindrical channel of a uniform size along the entire length (l) of the conductive path, the cross-sectional area (A) of the channel can be calculated from the conductivity data, Figure 2 summarizes the temperature dependence of A estimated from the resistance of 20 mM or 50 mM KCl-doped ice. The gap length between the probe electrodes was assumed to be equal to l to estimate A. As stated above, the conductive channel is not developed at a temperature lower than Teu, and thus the calculated cross-sectional area of the channel is negligibly small. As the temperature increases past Teu, the conductive channel becomes larger.
The effects of the accommodation of polystyrene particles on the resistance were examined to obtain more information on the microchannel dimension in frozen aqueous KCl and also to seek the possibility of channel-block sensing with doped ice. Figure 3 shows the dependence of the increase in the electric resistance (ΔR) on the number of particles (n) added in the detection volume in 20 mM KCl-doped ice at -10 and -5 C. The particles are not accommodated in the ice crystals, but are expelled in the LP. 19 Thus, the number of particles in the detection volume can be estimated from the number density of the particles in an original unfrozen sample. ΔR is obviously larger for the 300 nm particle than for the 50 nm counterpart and are larger at -10 C than at -5 C, indicating that a conductive path is more effectively blocked by the particles when their size is closer to the channel size. ΔR measured for 50 nm particles is marginal but appears almost proportional to n at -10 and -5 C. In contrast, ΔR linearly increases with increasing n for the 300 nm particles when n < 50 but becomes almost constant as n further increases.
The resistance increase, ΔR, can be explained by the following equation when the channel is cylindrical with a uniform size. (see Supporting Information for the derivation of the equation): where rp is the radius of the particles. This equation predicts a linear change in the resistance with n. The initial increase in ΔR with 300 nm particles (n < 50) can be explained assuming that the channel radius (rc) is ca. 0.45 μm at -10 C and 0.7 μm at -5 C. Since the volume of the LP at -5 C is almost twice as large as that at -10 C, the difference in rc at these temperatures can be reasonably explained by a change in the LP volume with the temperature. These radii are smaller than those determined from simple resistance measurements of KCl-doped ice, as discussed above. This disagreement should come from the inhomogeneous channel thickness. Assuming multi-conductive paths between the probe electrodes, the calculated radius of the channel should be smaller, and larger disagreements should result. This suggests that a single channel is accommodated in a gap between the electrodes and acts as a conductive path. It is known that the ice crystal growth to the a (b) axis is faster than that to the c axis. 20, 21 In the present case, the glass tube was cooled in ethylene glycol as a coolant, and therefore the temperature of the KCl solution near the glass wall, was lower than the solution near the center of the glass tube before the freezing was initiated. Ice nucleation therefore occurs at the inner surface of the glass wall, and then the ice crystals grow toward the center of the glass tube as schematically depicted in Fig. S6 (Supporting Information) . This leads to the formation of ice crystals with the c axis perpendicular to the glass wall. The grain boundary is located basically parallel to the capillary wall and is located between two probe electrode tips. Thus, a single submicro channel was accommodated between electrodes with high probability.
Simple freezing of an aqueous electrolyte allows us to fabricate a submicro channel in a gap between two probe electrodes. The most important feature of this micro channel is that the size is changeable with temperature. Although there remain some unrevealed features in the proposed micro channel, i.e. uniformity of the channel size, it has high potential as a size-tunable sensing and separation device, which is applicable to size-selective separation or filtration of particles or macromolecules as well as to size-selective particle counting. Fig. 3 Increase in the resistance of 20 mM KCl doped ice by the addition of 50 or 300 nm particles. Dotted lines were drawn by assuming the channel radius to be 0.45 μm at -10 C and 0.7 μm at -5 C.
